have shown that the characteristics of single cells in the superior colliculus depend to a considerable extent on cortical input.
In the cat, the majority of studies reveal a dramatic loss of binocularity and direction selectivity in superficial collicular units following ablation of the visual cortex (1, 18, 25) . In the ground squirrel, removal of the visual cortex renders most cells in the intermediate and deep layers of the superior colliculus unresponsive to visual stimuli (14); this also appears to apply to the cat (22). Work on the rabbit, however, indicates that in this species, ablation of visual cortex produces no discernible effects on collicular function (10). The present study has been undertaken to investigate the contribution of visual cortex to collicular function in the rhesus monkey (Macaca mulatta), a species whose visual svstem is believed to be rather similar to that of man. Neuroanatomical work has indicated that in the monkey, as in the cat, retina and visual cortex project densely on the superior colliculus (8). In the monkey, a foveate animal, an interesting specialization has been reported:
anterograde-degeneration and autoradiographic studies indicate that the anterior part of the colliculus, representing the central 5" of the visual field, receives extremely sparse or no terminations from the retina and, conversely, heavy projections from visual cortex (5, 9,
26)
Single-unit studies of the superior colliculus of the intact monkey have disclosed that, as in the cat, most cells have binocular receptive fields. In contrast to the cat, however, in which about 70% of the cells studied are selective for direction of stimulus movement (1, 13, 23) , in the monkey only a small percentage of cells has been found to have this attribute (2, 4, 20) . In both species cells firing in relation to eye movement have been reported in the lower layers of the colliculus (20, 24, 27) . In the monkey these cells discharge prior to saccades and show specificity in terms of the size and direction of rapid eye movement. Some of these units have dual properties; not only do they fire prior to certain saccades, but they also have visual receptive fields. Electrical stimulation in this region of the alert animal elicits conjugate saccades at very On the basis low current of our earlier levels (19, 21). work, we have suggested that the superior colliculus contributes to the monkey's ability to foveate visual targets by saccadic eye movements (20) To determine what the contribution of the visual cortex is to the function of the superior colliculus in the monkey, we obtained extracellular single-unit recordings from the superior colliculus after the cortex had either been ablated or reversiblv cooled.
METHODS
The work reported here is based on extracellular recording from the superior colliculus of monkeys prepared by three different techniques: 1) anesthetized, paralyzed monkeys with unilateral ablation of visual cortex; 2) anesthetized, paralyzed monkeys in whom part of visual cortex was reversibly cooled; and 3) alert monkeys with one eye surgically immobilized, in whom visual cortex was unilaterally removed. Because of the relatively small area cooled, it was necessary to align the recording and cooling sites topographically.
To do this, in two of the monkeys we first recorded single cells in visual cortex by inserting a microelectrode through the center hole of the silver plate, and we plotted on the tangent screen the location of their receptive fields. Penetrations were then made in the-superior colliculus until units were obtained with receptive fields no further than 2--3O from the cortical receptive fields. This assured us that the colliculus electrode was within the region receiving projections from the area under the cooling probe. Residual eye movements
were checked using the optical-lever technique in one animal and the method of repeated plotting of the fovea with a reversible opthalmoscope in the other two. Cooling was commenced by passing current through the thermoelectric device using a battery. The amount of current passed was monitored by an ammeter and controlled by variable resistors which were operated manually. A thermistor temperature probe in a 24G needle (Yellow Springs Instruments), placed either on the dura or slightly below the surface of the cortex, was used to measure brain temperature. In one animal bipolar EEG was recorded by attaching two wire electrodes to the thermistor. Cooling to between 10 and 22 C was accompanied by a flattening of the EEG signal. After cooling, cortex could be warmed to body temperature by passing current in the reverse direction.
The whole procedure was quite rapid; a cycle going from 36 to 15 C and back to 36 C took about 5 min. Unless cooled to very low temperatures, cortex would recover rapidly, as determined by cortical EEG and the responses of units in the superior colliculus. On return to 36 C, or a few minutes thereafter, the cooled area appeared to be fully functional. In one animal we recorded from both colliculi while cooling one visual cortex.
Alert mon kevs
The methods used for alert recording were similar to those already described (20 A slight shift in the ocular dominance distribution was observed on the ablated side. This is shown in Fig. 3 , where data from the normal side were obtained in part from previous experiments (2 found, and they fired spontaneously, but we could not drive them using any sort of visual stimuli we could invent. Stratum opticum then is a transitional zone in this respect. Visual responses are still evident in the dorsal region but not in the ventral.
In order to verify the depth at which units could no longer be driven by visual stimuli, small electrolytic lesions were placed at this point in two animals, studied 5 and 29 days after cortical ablation. Lesions were also placed in the colliculus contralateral to the ablation at the site where responses to light could no longer be elicited. An example of two such lesions is shown in Fig. 5 . Visual cortex was removed over the superior colliculus on the right side. It can be seen that visual responses were obtained quite deep on the intact side; on the ablated side visual responses could not be obtained below the upper part of stratum opticum.
In addition to localizing the recording sites by anatomical methods, we also inspected the perfused brains of animals to determine the extent of cortical ablation. It appeared that virtually all of area 17 was removed in these animals with minimal sparing in some cases in the deep concavity of the calcarine fissure in the region which falls anterior to a line in the coronal plane bisecting the lunate sulcus. Most of areas 18 and 19 were also ablated.
In two animals with long survival times, retrograde cell changes were studied in the lateral geniculate nucleus, sections of which were stained by the Nissl method. The nucleus showed nearly complete degeneration sparing only a small number of cells. Most of the spared cells were in the medial and lateral parts of the ventral region of the geniculate.
One of the animals from which we recorded was sacrificed 6 days following cortex ablation. Thirty-eight visually responsive units were studied in the superficial layers of the superior colliculus of two alert monkeys on the side ipsilateral to cortical removal. The receptive-field properties of units, as studied through the immobilized eye of these animals, were similar to those found in the acutely prepared monkeys.
Thus, the majority of the units in the alert animal also had properties indistinguishable from those seen in intact monkeys (2, 20) . Ten units were found which had an abnormal patchiness in their receptive-field organization, giving unequal on-and off-bursts to a stimulus flashed in the center of the receptive field. An example of a unit discharging more vigorously to off than to on is shown in Fig. 8 sual receptive fields although they did show less activity in the dark. Others maintained a variable activity but did not appear to be influenced by eye movements in light or in darkness or by any form of visual stimulation.
Slightly deeper, eye-movement cells similar to those described previously were encountered (20). Thirty-four eye-movement cells were studied; of these twenty-seven were ipsilateral and seven contralateral to the side of visual cortex ablation.
On the side contralateral to the lesion thev were indistinguishable from eye-movement cells seen in intact animals.
On the ipsilateral side the activity of such cells prior to eye movement also appeared normal. This is shown in Fig. 9 . Stimulation through the microelectrode produced saccades at similar current levels to those required to elicit eye movements in intact animals (2 l), and these elicited saccades duplicated the characteristics of the spontaneous saccades specifically associated with unit discharge. The motor fields of eye-movement units (20, 21, 27) on the ablated side were also normal, as shown in Fig. 10 
